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ABSTRACT In this letter, we report a novel method of visualizing nanoscale friction in space and time using ultrafast electron
microscopy (UEM). The methodology is demonstrated for a nanoscale movement of a single crystal beam on a thin amorphous
membrane of silicon nitride. The movement results from the elongation of the crystal beam, which is initiated by a laser (clocking)
pulse, and we examined two types of beams: those that are free of friction and the others which are fixed on the substrate. From
observations of image change with time we are able to decipher the nature of microscopic friction at the solid-solid interface: smooth-
sliding and periodic slip-stick friction. At the molecular and nanoscale level, and when a force parallel to the surface (expansion of the
beam) is applied, the force of gravity as a (perpendicular) load cannot explain the observed friction. An additional effective load being
6 orders of magnitude larger than that due to gravity is attributed to Coulombic/van der Waals adhesion at the interface. For the case
under study, metal-organic crystals, the gravitational force is on the order of piconewtons whereas the static friction force is 0.5 µN
and dynamic friction is 0.4 µN; typical beam expansions are 50 nm/nJ for the free beam and 10 nm/nJ for the fixed beam. The
method reported here should have applications for other materials, and for elucidating the origin of periodic and chaotic friction and
their relevance to the efficacy of nano(micro)-scale devices.
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Onthe macroscopic scale, the science and engineer-ing of interacting surfaces in relative motion, tri-bology, is ancient,1 as friction, lubrication, and
wear are phenomena common in many applications, includ-
ing earthquake science.2 Such phenomena on the micro-
scopic nanoscale are challenging both in probing and un-
derstanding, and only recently has progress been made in
nanotribology.3,4 Various methodologies, such as optical
techniques and force microscopies, have now been used to
quantify friction forces acting at the length scales of mol-
ecules and atoms. For example, the method of optical
tweezers was recently used to measure the friction acting
between kinesin-8 motor proteins and a microtubule,5 and
atomic force microscopy has been used to measure the
three-dimensional atomic-scale forces at the surface of
graphite,6 as well as the forces necessary tomove individual
molecules and atoms on a metallic surface.7 These friction
forces arise from bonding interactions between the indi-
vidual atoms and molecules at the interface.4,8
The motion of a nanoscale object, when experiencing
an applied force, is expected to depend upon several
distinct and highly dynamic processes that occur over a
wide range of space and time.9,10 For example, the
evolution of frictional forces at the interface of two
polymeric blocks was optically visualized on the microme-
ter length scale and on time scales of submilliseconds to
minutes.9 The techniques typically used for nanoscale
interfaces, however, while having high spatial precision
within the static regime, lack the necessary capabilities
to probe dynamic properties acting on fast or ultrafast
time scales. Indeed, the importance of determining the
effects of dynamic friction was recently demonstrated by
using spin-echo spectroscopy to correlate the transla-
tional motion of benzene on graphite and deduce the
picosecond frictional damping.11 Thus, the need for direct
visualization of motion at interfaces in both space and
time.
Here, with UEM we report the 4D visualization of the
effects of friction forces on single crystals of copper 7,7,8,8-
tetracyanoquinodimethane [Cu(TCNQ)] at the interface with
an amorphous membrane. The motion is induced by excita-
tion with a pulsed laser rather thanmechanical contact with
a piston or probe tip, and the effects of friction on the
dynamics are mapped out for two types of crystal beams:
those that are lying flat on the substrate (fixed) and ones that
are anchored at only one end (free or cantilever). Themotion
of the fixed and free beams differ greatly due to interaction
(or lack thereof) with the substrate. Further, the motion of
the top (i.e., not in direct contact with the substrate) and
bottom (i.e., in direct contact with the substrate) surfaces of
the fixed beam differ in both their temporal and spatial
responses to the laser pulse. From the lag time of the bottom
surface relative to the top, a static friction force of 0.5 µN is
obtained, whereas a dynamic friction force of 0.4 µN is
determined from the rate of steady sliding of the bottom
surface. The relatively small load due to gravity (0.12 pN)
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indicates that an additional effective load due to Coulombic/
van der Waals adhesion forces dominates the observed
motion.
In addition to steady-sliding, we also observe periodic
slip-stick behavior. In this case, the spatiotemporal resolu-
tions permit visualization of slip distances on the order of 5
nm with slip-stick transitions having an average time-
constant of 2.8 ns, sticking lasting tens of nanoseconds, and
periodic slip-stick events occurring every 45 ns. The time
scales for the intrinsic dynamics of single molecular crystals
are found to range from tens of nanoseconds to millisec-
onds. The initial elongation is limited by the specific config-
uration used here (30 ns), which is much shorter than the
recovery (relaxation) times of the observed expansion
(µs-ms time scale). In UEM, these spatiotemporal resolu-
tions, if needed, can be carried out on the femtoseconds-
nanometer scales.12 A schematic of the visualization meth-
odology is shown in Figure 1, together with types of friction
expected on the nanoscale.
Methodology and Materials Imaging. The Cu(TCNQ)
crystal phases13,14 have been discussed in detail else-
where.13,15 The relevant structure of the kinetic phase
discussed here consists of discrete columns of Cu+ cations
and TCNQ anion-radicals (Figure 2). The strong interaction
between the π-electrons of the benzoid rings of neighboring
TCNQ anion-radicals leads to such stacking that results in
rod-shaped crystals with anisotropic mechanical, thermal,
and electronic properties.13,16 Beams of this material were
grown15,17 directly on membranes and used in our UEM for
various studies with femtosecond and nanosecond pulses.15,18
Displayed in Figure 2 are bright-field images of the fixed
and free (angle to substrate ofΘ ) 33.7°) beams18 and the
diffraction pattern that confirms the crystal phase studied
(from Bragg reflections). The specific orientation of indi-
vidual beams was determined by obtaining a series of
images at different specimen tilt angles. Because the long-
axis of the free crystal was nearly perpendicular to the
rotation axis of the single-tilt specimen holder, the orienta-
tion relative to the substrate could be determined by plotting
the 2D projection length as a function of tilt angle. This
produced a parabolic curve over a tilt range of 35°, and the
angle at which the maximum projection length occurs
corresponds to the angle at which the long-axis of the crystal
is parallel to the image plane. The surface of the substrate is
parallel to the image plane at zero tilt, therefore the angle at
which the maximum occurs is equal to the angle formed
between the free crystal and themembrane. The dimensions
of the fixed beamwere 9.65 × 0.87 × 0.87 µm, while those
for the free beamwere 5.15× 0.67× 0.67 µm, asmeasured
from the images.
Once the fixed and free beam orientations and dimen-
sions have been quantified, direct comparison of the dy-
namics can bemade in UEM.12,19-21 Here, the clocking laser
has the following characteristics: 671 nm, 26 ns fwhm (pulse
width and jitter), 76 µm spot size at the sample (determined
with a knife-edge in situ, assuming Gaussian profile), 44 mJ/
cm2 fluence. It was used to excite the crystal beams in situ,
while a second nanosecond laser (266 nm, 10 ns fwhm, 1.5
µJ/pulse) was used to generate the discrete probe electron
packets, in this case accelerated to 120 keV in the gun region
of themicroscope. The time delay between the clocking and
probe pulses was controlled electronically, and a repetition
rate of 100 Hz was necessary to ensure that the system
completely returns to its initial-state configuration between
pulses. At this repetition rate, typical exposure times of
20-30 s (2000-3000 pulses) were used to form each image.
These characterizations of the pulses, together with the tilt-
series described above, permit determination of the energy
supplied to both beams in different orientations.
Fixed and Free-Beam Dynamics. The dynamics in the
longitudinal (parallel to the long-axis) and transverse (per-
pendicular to the long-axis) directions as measured at one
end of the fixed and free crystal beam is shown in Figure 3.
Because the fluence is determined experimentally, the
displacements have been normalized to the average laser
energy absorbed per pulse so that direct comparison can be
made (2.53 nJ for the fixed and 0.96 nJ for the free because
of the beams’ dimensions).22 The motion of the beam
following laser excitation was visualized by comparing im-
ages obtained prior to the arrival of the clocking pulse to
those obtained after excitation (Figure 3).
As can be seen in the images, motion occurs only along
the longitudinal direction for the fixed beam but along both
FIGURE 1. Schematic of the experimental concept and different
friction modes probed. The single crystal beam (purple), which is
on a thin amorphous membrane, is probed with a discrete packet
of electrons (dark blue with white damped sine wave) at a specific
time relative to the arrival of a clocking laser pulse (red) whose angle
of incidence (exaggerated here) is nearly parallel to the electron
beam. The forward-scattered electrons are collected at a detector
to form the image. The different forces and modes of friction
experienced by the crystal beam are illustrated in the right panel.
The load is due to gravity or an additional effective Coulombic/van
der Waals adhesion force, thus producing an overall nanofriction
force. The friction forces probed are either static (Fs) or dynamic
(Fd, the direction of which is opposite to the induced crystal force
Fi) with dynamic friction showing steady-sliding, chaotic, or slip-
stick behavior.
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the longitudinal and transverse directions for the free.
Further, the free beam displays coherent oscillations after
an initial longitudinal expansion that are indicative ofmotion
unhindered by the substrate interfacial forces.18 On the other
hand, the fixed beam displays no such coherent oscillations
indicating that interaction with the substrate, that is, friction,
is damping the motion. Note that the motion of the free
beam, after the initial elongation, is predominately in the
transverse direction. The apparent complex pattern in the
longitudinal direction is due to the nature of motion, and in
order to resolve the different projections one must map the
change stereographically;24 for example, a longitudinal
FIGURE 2. Single crystal beam structural properties and a typical bright-field image. The left panel displays the Cu(TCNQ) crystal structure
with the crystallographic axes labeled. Carbon is shown in gray, nitrogen in blue, and copper in yellow. The bc plane (i.e., perpendicular to
the TCNQ molecular stacking axis) is shown in red. The right panel shows a bright-field image of a representative single Cu(TCNQ) crystal
beam lying flat on a 30 nm thick amorphous silicon nitride membrane. The inset displays an electron diffraction pattern of a single Cu(TCNQ)
crystal, as viewed along the [011] zone axis.
FIGURE 3. Dynamics of the free and fixed crystal beams. Selected difference images of the nonanchored end of the free beam (upper panel)
and one end of the fixed beam (lower panel) are shown. The measured longitudinal (parallel to the long-axis) and transverse (perpendicular
to the long-axis) displacements are displayed to the right of the corresponding difference images. Each difference image was generated by
subtracting a reference frame obtained prior to the arrival of the clocking laser pulse. The time at which the selected image was acquired
relative to the arrival of the clocking pulse is shown in the upper right corner of each frame. Areas of strong contrast indicate motion relative
to the reference image. The measured displacements were normalized to the amount of energy absorbed per laser pulse by the corresponding
crystal (see text). The y-axis of the free beam data plots have been multiplied by a factor of 0.1. Care was taken for any image drift using
reference particles (see Figure 4 caption and text).
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displacement when projected in the image contains both the
longitudinal expansion and the transverse movements.
To quantify the friction forces at work, the initial expan-
sion of the fixed and free beams was analyzed. As can be
seen in the bright-field images in Figure 4, the fixed and free
beams were oriented in such a way that both the top and
bottom edges could be observed. For the fixed beam, the
bottom surface is in direct contact with the substrate whereas
the top surface is not. The beam length change (∆L) dis-
played in Figure 4 corresponds to the entire beam and not
just thatmeasured at one end. For the fixed beam, both ends
show elongation, as determined with time scans conducted
at lowermagnification. For the free beam, elongation occurs
only at the unanchored end; the anchored end shows no
resolvable motion over time, as expected. The data for ∆L
of the free beam are shown only to+100 ns due to the onset
of transverse oscillations soon thereafter (cf., Figure 3).
Friction influence is evidenced from both the amplitude
(nm scale) change and the time response. From the theoreti-
cal fits (error function), ∆L for the top surface is 26.8 ( 0.8
nm/nJ, whereas for the bottom surface it is 6.6( 0.4 nm/nJ
(all errors here and elsewhere are one standard deviation).
In contrast, the∆Lmeasured for the top and bottom surfaces
is the same within error for the free beam (37.2 ( 1.1 and
35.8( 1.2 nm/nJ, respectively) but is approximately 10 nm/
nJ larger than that measured from the top edge of the fixed
beam. Thus, the time-dependent motion of the fixed beam
measured from the top edge, while not in direct contact with
the substrate, is still hindered, as is expected from the
observations shown in Figure 3. The theoretical fits in Figure
4 suggest that the motion of the bottom surface of the fixed
beam is delayed relative to the top surface (t0 ) 31.2 ( 4.9
ns vs 27.6 ( 2.2 ns, respectively, where t0 is the point at
which ∆L has reached 50% of maximum); note that these
were observed for the same images. For the free beam, t0 is
25.6 ( 1.3 ns and 25.0 ( 1.4 ns for the top and bottom
surfaces, respectively. This indicates that the difference in
t0 for the surface of the free beam is smaller than that for
the fixed. In addition, both surfaces of the free beam reach
t0 before both surfaces of the fixed. Here, time zero (Figure
4) is defined as a specific delay time between the pump and
probe signals and was chosen as the point at which motion
in the free beam is first visually observed in the images.
Now that the interfacial effects have been illustrated, the
intrinsic dynamics of recovery were also examined. Shown
in Figure 5 are the longitudinal responses of the top surface
of a fixed beam to a single laser pulse. From the theoretical
fit (error function) of the initial elongation in Figure 5, the
FIGURE 4. Initial expansion dynamics of the free and fixed beams. The upper panel displays a bright-field image of one end of the free beam,
whereas the lower panel shows the nonanchored end of the fixed beam. The edges of the crystals are outlined in white (idealized to have
sharp, continuous edges for illustrative purposes) with dashed lines representing edges that are not directly visible in the images. The
orientations were established using a tilt series of images. The top and bottom edges of each beam, as well as the measured direction of
motion, are labeled. The particles seen in the images are CuO (determined using selected-area electron diffraction) and are on the surface of
the substrate. These particles were used as markers for determination of the beam displacement as well as for precise drift correction.23 To
the right of each image is the corresponding plot of length change per unit of laser energy absorbed as measured for the top and bottom
surfaces of the free and fixed beams with theoretical fits (error function) to the data. The error bars represent one standard deviation and are
generated from the beam edge and marker particle position determination. Note that the total elongation of the fixed beam is plotted so a
direct comparison to the free beam can be made.
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time-dependent elongation is found to have a full-width-at-
half-maximum of 35 ( 4 ns. Once the beam is elongated,
relaxation takes place over several milliseconds and displays
biexponential behavior. The first relaxation process has a
time constant of 490 ns (middle panel of Figure 5), while
the second shows much slower recovery with a time con-
stant of 2.4 ms (bottom panel of Figure 5). The millisecond
relaxation time illustrates why a repetition rate of 100 Hz
was necessary to allow the system to fully recover between
pulses. This recovery is determined by themolecular charge
redistribution and the states of the crystal beam; it is the
subject of another publication because of its relevance to the
reductive formation of copper atoms at high fluences.15
Static, Dynamic, and Periodic Friction Mechanism. The
results discussed above indicate that a significant amount
of the absorbed laser energy goes into overcoming and
counteracting the forces at the beam/substrate interface. The
energy required to just initiate motion at the interface (i.e.,
overcome the static interfacial forces) is related to the static
friction force (Fs). An estimation of Fs can be done by
comparing the values for times at which the bottom and top
surfaces of the fixed beam just begin to move (see Figure
1). Due to interfacial forces, the bottom edge of the surface
in direct contact with the substrate begins to move after the
top surface. This lag time can be used to determine how far
the top edge has advanced before the bottom edge begins
moving. From Hooke’s law, the amount of force exerted by
the beam during this time is Fs ) -k∆L, where k, the force
constant, is given by Young’s modulus and the beam dimen-
sions; the use of Hooke’s law is justified because the crystal
motion is elastic for the laser pulse energy used, that is, there
is no beam plasticity. From the theoretical fits, the lag time
is found to be ∼6 ns (taking the point of motion initiation to
be 5% of themaximum∆L for each edge), and the top edge
has advanced∼3 nm by the time the bottom edge just starts
tomove. Knowing Young’smodulus for Cu(TCNQ) (2 GPa),18
the dimensions of the fixed beam, and using 3 nm as the
change in length, the force exerted by the beam over this
range, and thus Fs at the interface, is estimated to be 0.5
µN.
Once initiated, the energy required to sustainmotion (i.e.,
counteract the dynamic interfacial forces) is related to
dynamic friction force (Fd). The motion during the initial
elongation is changing with time, and the spring force is not
equal to Fd due to inertia.1 When the maximum expansion
has ceased and recovery has begun, the intrinsic restoring
force of the beam is directly related to the rate of motion
especially in the linear regime (∂x/∂t is constant). As shown
in Figure 3, recovery of the fixed beam is nearly linear within
the time frame of interest (0.5 to 3 µs). The rate of recovery
for the top and bottom surfaces of the fixed beamwas found
to be 6.10 and 0.85 nm/µs, respectively. This difference
reflects the significant dynamic interfacial forces at work,
as evidenced by the lower velocity of the beam surface in
direct contact with the substrate. For steady-sliding dynamic
friction, the applied force required to move an object at a
fixed velocity is equal to Fd. Again, Hooke’s law can be
applied, and the beam can be considered a spring moving
at a constant velocity with an intrinsic restoring force
dictated by the spring constant.1 From the constant rate of
motion of the bottom edge of the fixed beam, the restoring
force, and thus Fd, is estimated to be 0.4 µN.
The micronewton friction forces experienced by the
beam is expressed by Fs,d ) µFN, where µ is the system-
dependent coefficient of friction and FN is normal to the
motion force. If the load is only that of gravity, our results
cannot adequately explain the observations. For the fixed
beam, the mass is estimated to be 1.3 × 10-14 kg from the
measured image dimensions (density of 1.802 g/cm3).13 If
there is no applied load, FN due only to gravity is 0.12
piconewtons (g ) 9.81 m/s2). Thus, an additional effective
load that has amuchmore significant effect on the dynamics
FIGURE 5. Recovery dynamics of a single crystal beam from nano-
seconds to milliseconds. The dynamics shown were measured from
a fixed beam, and the edge used for measurement is the one not in
direct contact with the substrate surface. The top plot shows the
nanosecond dynamics with a theoretical fit (error function). The
theoretical best-fit gives a Gaussian fwhm of 35( 4 ns over the range
shown. The Gaussian response time for the experiments reported
here is 30 ns. Themiddle plot shows themicrosecond dynamics with
a best-fit biexponential decay. The time-constant of the early
relaxation dynamics is 490 ( 170 ns. The bottom plot shows the
millisecond dynamics with a best-fit single-exponential decay hav-
ing a time-constant of 2.4 ( 0.8 ms.
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than gravity must be at work. This load can be attributed to
the Coulombic/van der Waals adhesion between the crystal
beam and the surface of the substrate.25 Because µ has
typical values that range from zero to one, the effective load
due to adhesion is 6 orders of magnitude larger than the
normal force due to gravity.
In addition to steady-sliding, we also found that some
beams display periodic slip-stick friction behavior (Figure 6).
The slip events initiate abruptly after prolonged (45 ns)
sticking events. This behavior is indicative of an abrupt
detachment of the beam from the membrane surface fol-
lowed by a slower but still rapid reattachment process that
leads to prolonged sticking, reminiscent of earthquake-type
behavior2 on the nanoscale; the energy builds up and
releases on a relatively short time scale. The slip-stick
transitions shown in Figure 6 have an average time constant
of 2.8 ns. The periodicity of the motion is such that a slip-
stick transition occurs every 45 ns (22 MHz). The factors
dictating why some crystals show slip-stick while others
show steady-sliding depend, among others, on the specific
properties of the interface, the stiffness of the beam, and
the velocity inhomogeneity of sliding.1 Indeed, slip-stick
behavior is likely present in all cases, but the events may be
localized along the beam length such that the specific
behavior observed depends upon where along the structure
the conditions are right for periodic sticking and slipping.
For example, the presence of large asperities distributed
heterogeneously along the interfacemay cause periodic slip-
stick in some regions, while other regions would show only
steady-sliding. These slips and sticks when averaged de-
pending upon morphology leads to what is termed chaotic
friction.
As can be seen in Figure 6, slip-stick friction is observed
during both the laser-driven beam elongation as well as
during the subsequent recovery phase. The dynamics of the
individual slip-stick events depend upon when they occur
during the intrinsic motion, which here is taken to be
dictated by the dynamics due to laser excitation. The overall
dynamics are therefore separated into three distinct tem-
poral windows for analysis (Figure 6): (1) during the laser-
driven crystal beam elongation, (2) immediately after laser
excitation during the continued crystal elongation and into
the initial stages of restoration, and (3) during restoration
long after initial excitation. The dynamics in windows (1) and
(2) are first discussed; an analysis of the dynamics in window
(3) is given further below.
The overall dynamics taking place within the first and
second temporal windows (i.e., during and immediately
after the clocking pulse) are a mixture of the driven and free
intrinsic crystal beam elongation and the effects of interac-
tions with the membrane. Close inspection of the motion
reveals that the first sticking event takes place ∼50 ns after
FIGURE 6. Slip-stick dynamics of a single crystal beam. The top row of images show the motion of the crystal beam edge. The time at which
each image was acquired is shown in the upper left corner. The reference image was acquired at -50 ns (i.e., 50 ns before the arrival of the
clocking pulse); the images acquired at 0 and 90 ns were subtracted from the reference to generate the difference images shown. The lower
left panel shows the crystal beam motion as a function of time. The intrinsic response represents the expected restoring force in the absence
of slip-stick friction and arises from reformation of intermolecular forces within the crystal. Subtraction of the intrinsic response from the
observed dynamics isolates the periodic slip-stick friction forces (residual). The temporal windows discussed in the text are labeled as (1), (2),
and (3) and color-coded. The right panel illustrates the relationship between the intrinsic crystal restoring force and slip-stick friction forces
occurring at the interface.
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the clocking pulse. The initial brief sticking event occurs as
themagnitude of the interaction between the crystal and the
membrane (i.e., friction force) becomes larger than the time-
varying crystal beam expansion force, which is oriented in
the opposite direction. Note that this sticking event is brief
relative to later events that occur during crystal restoration.
The reason for this is that the rate of elongation in window
(1) is higher than the rate of restoration at later times, as
can be seen by inspection of the intrinsic crystal response.
That is, the time necessary to overcome Fs and cause
detachment is less during elongation due to a more rapid
rise in the crystal beam spring force.
The overall dynamics in window (2) are similar to window
(1) in that the beam continues to elongate during this time.
The main difference, however, is that the rate of elongation
is no longer constant because the beam is not being driven
by the laser pulse. When the motion reverses direction and
the beam begins to recover, the vector of the intrinsic spring
force reverses direction and becomes a restoring force. This
reversal in direction also means the friction forces reverse
direction. In addition, a major stick-slip event occurs in
window (2). The shape of this event indicates that elongation
has slowed and begins to reverse direction before the first
major slip occurs; the beam briefly sticks at maximum
elongation before detachment and slip. Sticking occurs when
the magnitude of the crystal beam spring force drops such
that Fd transitions to Fs. As beam restoration begins, slippage
occurs when the magnitude of the spring force is such that
Fs makes a rapid transition to Fd (i.e., detachment occurs).
The intrinsic beam restoration displaying periodic slip-
stick friction in window (3) of Figure 6 is isolated and
quantified by subtracting the expected intrinsicmotion from
the overall dynamics. The result, when plotted as force
versus time (where the force is calculated using the effective
beammotion andHooke’s law), displays sawtooth dynamics
typical of slip-stick friction.1,25 The magnitude of the forces
are on the order of a micronewton consistent with those
determined from steady-sliding friction discussed above.
Conclusions. The ability to visualize microscopic friction
in both space and time provides an opportunity for learning
about its fundamental nature, the different modes-static,
dynamic, and slip-stick-and their role in the behavior of
nanoscale materials. This approach of 4D UEM is demon-
strated here for solid-solid interfaces studied at the nano-
scale directly in the images, and when the force is deter-
mined by the intrinsic elasticity of thematerial. By examining
free and fixed beams of materials, it is possible to separate
different contributions into forces of friction such as those
of gravity and adhesion loads. Moreover, because a force is
introduced impulsively, nonequilibrium and nonlinear prop-
erties can be studied in the fast or ultrafast regimes of slip
motion.9 The approach should have a wide range of applica-
tions, especially for nano(micro)-scale machines whose ef-
ficacy is determined by the extent and mode of friction.
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